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HIGH-RESOLUTION SPFCTRAL MEASUREMENT 


OF HIGH TEMPERATURE co, AND H0 


Introduction 


Both “0, and H,,0 molecules are a major constituent which critically 
controls the infrared radiative transfer in the telluric atmosphere. 

Their absorption bands are distributed over a wide spectral range, 
extending from the far end of the infrared region to the near end. They 
have been extensively studied since infrared spectroscopy technology 

came into existence. Nonetheless, these studies did not provide complete 
knowledge of the infrared absorption of these two molecules. In particular, 
our understanding of their absorption at high temperature was rather 
incomplete. The bands observable at room temperature are restricted to 
those transitions which originate from a lower state of a relatively small 
excitation energy, typically from a vibrational-rotational energy below 
2000 em ~. ‘Transitions would be weak at room temperature if their lower 
states are insufficiently populated at that temperature. They cannot be 
studied well even if an extremely long absorption path is formed for their 
measurement... They are for most cases difficult to observe at room 
temperature, no matter how long the absorption path is extended. They are 
the transitions which originate from a lower state of high vibrational- 
rotational energy. They become observable when the gas temperature is 
rnised to increase their population density to a sufficient level. These 
transitions, generally referred to as the hot bands, were poorly known 
because very few studies were conducted on them. Various experimenta! 


iifvficulties involved in the snectroscopic measurement of heated ras 
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imposed a major obstacle for pursuing the study of the hot bands. The 
original AFGL compilation of the atmospheric line parameters was assembled 
primarily for applications intended to room temperature calculation. The 
basic line data were derived from the room temperature data. Consequently, 
the accuracy which the data provided was unsuitable for the spectral 
synthesis calculation for high temperature. The line parameters compiled 
for the hot bands of these molecules do not provide an accuracy sufficient 
for their extrapolation to high tempe. -ure. The present experimental 
study was intended to solve this difficulty by measuring the absorption of 
these molecules at elevated temperature and to improve their line parameters 
to such a level that they can produce a satisfactory result for the spectral 
synthesis at high temperatures. 

The excitation which occurs in a heated gas maintains a thermal 
equilibrium to the molecular system; a population increase at various 


W 
~E"/kT where E" is 


energy levels is controlled by the Boltzmann factor e 
the vibrational-rotational energy of the state in question. There would be 


no preferential excitations among various vibrational levels. If two states 


which belong to two different vibrational states have a similar energy, 


Rr" % EY. , 


1 ,» both states are excited at an equal rate. A marked increase in 
x: 


the observable transitions consequently occurs along two directicns as 
temperature of the molecular system is increased; there is a marked increase 
in observable vibrational transitions as well as in rotational transitions 
within the vibrational transition. The spectral structure consequently 
adds a complexity as the temperature is raised. 

An increased complexity in the spectra imposes two problems: one for 


the spectral resolution requirement, and another for identification of the 


spectral transition. The spectra must be observed with a spectral resolutior 


of a highest degree possible. Otherwise, many transitions cannot be 
resolvea. Their observable spectral range broadens as more rotational 
lines are excited within the vibration band. The problem of spectrometry 
is, for our case, adequately solved by use of the technique of Fourier 
spectroscopy. The second problem concerning identification of the observed 
spectral transition was found more formidable than expected. With 
anticipated difficulty for the identification effort, the spectral data 
were taken at a temperature step of 200°K, i.e., at 600°K and at 800°K. We 
hoped to follow the excitation of the hot bands in the data taken at these 
temperatures. For the 10 data, the temperature step taken was adequate, 
while it was found rather inadequate for the CO, data. An increase of the 


observable CO, lines from 600°K to 800°K was overwhelming; at 600°K we were 


able to make the assignment of the observed CO,lines without encountering 


2 
serious difficulty, while at 800°K the assignment is incomplete even with 
an automated Loomis-Wood diagram technique which we developed for the 
purpose of simplifying the identification problem. A detailed description 
of the 800°K co, data analysis is given later in this report. 

Our work performed under this grant may be divided into three 
categories. The first category, which occupied the first phase of our 
effort, was to design and to construct the absorption cell which could be 
operated at elevated temperature. The instrumentation problem we faced 
during this phase was a question of the stability in the optical path at. 
high temperature operation. With the previously acquired knowledge that 


the White cell configuration was totally inadequate for high temperature 


operation, we adopted the Pfund cell configuration, which worked very 


well. The multipass optical system was found difficult to make work at 
high temperature. It worked within a limited temperature range even with 
the Pfund cell arrangement. The mirror surface coated with Rh film was 
adequate for the measurement at 600°K and 800°K. It was found quickly 
deteriorating as the temperature was raised above 1000°K. A single-pass 
optical configuration which requires no mirror optics seems the only 
arrangement which promises a successful operation at temperature above 
1000°K. The work on the hot cell was published in Applied Optics. The 
description of the hot cell work given in this report is actually the 
published paper. 

In parallel with the construction effort for the hot cell, our effort 
for reassembling the AFGL interferometer was progressed. Upon completion 
or the interferometer work the second category of our work, the data 
measurements, commenced during the summer of 1979. The absorption data 
of both gases were taken at two temperatures, 600°K and 800°K, over a 
period of approximately ten months. The data were obtained in the spectral 
range between 1600 » 2500 em? because of a limitation imposed by the GeAu 
detectcrs which we used for the experiment. 

The third category of our work concerned the analysis of the data. 

Our effort for the CO, data taken at 600°K began in the fall of 1979. As 
mentioned earlier, our analysis effort went smoothly without encountering 
serious problems. More than 90% of the observed CO, lines in 2200 v Shoo em! 
were assigned for the vibrational-rotational transition. When the analysis 
was Switched to the “0, duta taken at. SOQ°K, the situation was found rather 
different from what we anticipated from the 600°K data analysia. Approxi- 


mately 75% of the CO, lines observed at this temperature were assigned for 
c 


their transitions. 


The analysis of the CO, data reconfirmed our notion that was 


2 
previously held without a firm supporting evidence. A high accuracy in 
measurement of the line position provides practically nothing to effect 
an extrapolation of the rotational transition to those having a higher 
J value. ‘The vibrational-rotational transitions of a linear polyatomic 
molecule can be given in the simple expression: 

o(J) =G+B' J'(J'+1) - D'fa'(ater)]® # atfa'(ate1) )P 

= BY oto +1) 4 D"[a"g2) J° - HCI" I"41) 1. 

It was found that the parameters, B, D, and H, determined from the 
measurement had a meaningful accuracy only within the measured transition 
range. They were by no means effective to predict the transitions outside 
the range. We found that those parameters determined from the data 
between P(50) to R(50) with an excellent accuracy could predict P(60) to 
R(60) lines with a disappointing accuracy. 


The intensity of the CO, lines observed in the data are not determined 


2 
at the moment. In complex spectral data as ours, a very few observed lines 
are composed of a single line transition. In dealing with the complex data 
we must. determine the individual line intensity simultaneously for multi- 
line ecmponents. The assignment of the exact position for the component 
lines plays a crucial importance in the effort. Because of this reason, 
the identification of all transitions observed in the data takes a prime 
importance for the data analysis. We need an extended effort for the 
transition assignment. 

The H50 data contrasted in many ways from the CO, data. The HO 


molecule is an asymmetrie top rotor; the rotational lines are distributed 


in a manner not as simple as a linear molecule. Its vibrational frequencies 


seem Tar er thin Shoase of A). Pven though the I JO spectrum cantains 


far less lines than the co, spectrum, its structure is far more complex 
than the latter. Nonetheless, our analysis effort went well. The identi- 
fication of the transition, as well as the intensity were determined using 
the 800°K data. 

The obtained results are separutely discussed below, one for the CO, 
work and another for the Hy0. Mark Esplin carried out the CO, work for 
his Fh.D. research. The 1,0 work was done by Hajime Sakai. The computs- 
sional effort involved in the data analysis was assisted by Shui-Hua Li. 
Seth the CO, and EA data measurements were taken by Mark Esplin and 
William Dalton. 

The report consists of three independent parts: the work on the high 
temperature absorption cell published in Applied Optics, the analysis of 
the CO., data taken at 800°K, and that of the #0 data taken at the same 
temperature. The second part is a brief summary of the dissertation that 
Mark Esplin will complete in the near future. The third part is a pre~ 
rrint of a vaper to be published. 

Throughout the entire grant period, we made four presentations at 
rroressional meetings: two papers at the Symposium on Molecular Spectrou- 
copy held at the Ohio State University, one at the HIRAD meeting held at. 


the National Bureau of Standards, and one at the OSA Topical Meetine cn 


Spectroscopy in Support of Atmospheric Measurement. 
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Absorption cell for the infrared spectroscopy of heated gas 


William S. Dalton and Hajime Sakai 


A Pfund-type absorption cell that exhibits extreme stability at high temperature has been cumstrostec st 
use with high-resolution Fourier spectroscopy. The cell is currently used to measure the absorption io. + 
of COs and HO gas samples heated to 1300 K. The advantages of the Pfund cell are described with resi: i 
to that of the White cell for use in Fourier spectroscopy. 


|. tntroduction 


In the IR region, very few studies have been con- 
ducted on the absorption spectroscopy of heated gases. 
Atmospheric molecules CO» and H»O have been studied 
up to 1000 K with relatively low spectral resolution. ! 
The information obtained by these early high temper- 
ature measurements provided a valuable contribution. 
not only to the understanding of the hot-band transi- 
tions in specific but to the molecular physics of these 
molecules in general. Although the merit of these 
studies has been well recognized, the difficuities in- 
volved in the experiment provided little encouragement 
for its vigorous pursuit. Prior to recent advances in the 
IR spectrometric technique, the optical design required 
for the operation of the absorption cell at a high tem- 
perature of ~1000 K was rather difficult. To a large 
extent, this difficulty was solved with our newly con- 
structed cell. In this paper, we will describe our cell, 
which performs very well for its intended use, i.e.. 
high-resolution absorption spectroscopy of H2O and 
CO. at high yas temperatures. [t was found satisfactory 
for producing the spectroscopic data taken at a yas 
temperature of 800 K with a 0.006-cm~! resolution. 
Our design approach, the testing conducted on various 
elements, and the spectroscopic data obtained with it 
will be reported. 


The authors are with University of Massachusetts, Astronomy 
Research Facility, Amherst, Massachusetts 01003. 
Received 12 March 1980. 


Il. Cell Design 


Long-term stability to maintain a stationary optical 
output is a prime factor required for the absorption cel!, 
which is used with high-resolution Fourier spectroscopy. 
An absorption cell operating at a high temperature: i> 
subjected to severe mechanical strain. Our preference 
of the Pfund configuration’ over the White confignra 
tion’ is based on the required stability. The Whit, 
configuration, which is designed to provide a flexib! 
optical path by adjusting the mirror alignment. is in 
herently unstable in a long-term operation. The mirror 
mounts are necessarily complicated to furnish a certain 
adjustable setting of the mirrors. They cause a signif- 
icant drift upon a slow accumulation of the mechaniva] 
strain. Inthe high temperature operation, a build-up 
of the mechanical strain is more accentuated, as the 
structural temperature is raised from room temperature 
to that desired for the operation. We found it almesi 
impossible to design a mirror mount that would meei 
our requirements. The Pfund configuration, shown in 
Fig. 1, is much less adaptable than the White configu- 
ration in providing a flexible optical path, although it 
can provide some degree of flexibility. The optical 
configuration allows no internal adjustment, and the 
number of passes must be adjusted by means of the 
external optical scheme. Once the mirrors are properly 
mounted in the cell, they are held at their position se- 
curely. A drift in the optical output results only if the 
cell body deforms severely. Thus, stability is well fur 
nished in the design. In addition. the stability tor 
maintaining the stationary optical output is further 
improved by our design, which is to separate the heating 
element from the absorption cell body. The cell 
structure is constructed separately and placed in the 
furnace. The space between the furnace inner wall ane’ 
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Spectrum of H,O taken in the 1840-1855-cm7! region with 0.006-cm~! resolution, 6. Torr HO pressure. and 600-K temperature 


The figure shows a short section of the entire data taken in the 1600-.2400-cm7! region, 


the cell body provides a thermal cushion. A heat flow 
between them is smoothed out in this configuration, 
even if the control circuitry to the furnace for main- 
taining the operating temperature undergoes on- off 
evcles rather frequently. 

The cell body was constructed of series 310 stainless 
steel (AIST code), which has a sublimation temperature 
of ~1650 C, well above our maximum “perating tem- 
perature. The material was selected because of its easy 
machinability and desirable characteristic for welding. 
It is reasonably stable at high temperature: a low 
thermal expansion coefficient (1.4 & 10°? em=! C87!) 
and anexcellent atmospheric resistance to scaling. We 
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noticed a slightly increased chemical reaction of this 
stainless steel to H»O and CO) at temperatures >600 K. 
The gas pressure in the cell gradually decreases at a slow 
rate, but it does not significantly interfere with the 
measurements. 

The interferometric configuration used in Fourier 
spectroscopy makes the spectrometric efficiency verv 
high compared with the conventional configuration. 
We, therefore. can afford some loss in the optical 
throughput of the hot cell. The optics in the final form 
was an {/14 beam with a mirror separation distance of 
1 m, achieving a 3.5-m path between both entrance and 
exitends. The mirror substrate was tested for surface 


stability with an Rh film coating as well as for a chemical 
reaction at high temperature operation. We chose clear 
svnthetic fused silica after a series of tests conducted 
on prepared samples of fused silica, Corning Glass 
Works premium grade Cervite C101 and General 
Electric Ultra Low Expansion glass, in a small furnace 
with temperatures cycling between ambient room 
temperature and 1300 K. The fused silica and the ULE 
sample fared well in the test, showing no appreciable 
deterioration, while the Cervite did not. 

The standard coatings for IR mirrors such as Al, Ag, 
and Au are unusable at the operating temperature re- 
quired for the measurements. A test was conducted on 
the effect of the temperature to the reflectivity of rho- 
dium. The reflectivity of a 500-A thick Rh film de- 
posited on several pieces of polished silica was measured 
in the 2-6-4m region prior to the heating test. After 
heating them to 600 K for a period of 24 h, letting them 
cool, and measuring their reflectivity under identical 
conditions as those prior to heating, we detected a de- 
terioration of ~10% in reflectivity. The same procedure 
was followed for temperatures of 900 and 1300 K, and 
the deterioration in reflectivity was found to be 30 and 
70%, respectively. The Rh coating remained attached 
to the substrate but became discolored at 1300 K. Al- 
though this is considered far from an ideal situation, the 
throughput of our system is more than adequate to 
make up for the loss. (The deterioration of the mirrors 
with temperature would be disastrous for a multiple- 
traversal operation.) Two of these mirrors have been 
in use ~6 months at 600 K, and we observed about a 10% 
degradation in signal level, which occurred at the first 
use of the system. 

The mirrors were mounted on a standard 3-point 
mirror holder with a ceramic fiber backing. The thin 
section of fiber gave the mirror just enough freedom of 
movement to prevent cracking. Also, the continuous 
filament ceramic fiber, brand AB-312 manufactured by 
the 3M Company, has good chemical resistance and 
dimensional stability at temperatures >1300 K. 

Most of the window crystals transparent in the IR 
region are not heat resistant. They are so fragile that 
hard contact to a hot metal frame is unworkable. No 
technique has been developed for providing a delicate 
mount for these crystals onto the hot metal structure. 
The only choice left to us is to mount the window crystal 
on the lukewarm frame using an O ring or a gasket made 
of pliant material. Our design places both end sections 
of the cell outside the furnace. The windows are cooled 
either by natural convection heat loss or by forced 
coolant circulation. The window crystals are mounted 
to the cell body through a silicon O ring, forming a 
vacuum-tight seal. With the main section of cell being 
heated at 600 K, the window portion remains at ~330 
K. The temperature distribution in the cell is quite 
uniform with £2 K over the entire length except in the 
proximity of ~ 10cm to the window where the temper- 
ature drops very rapidly. The cell is made of three 
sections as saewn in Fig. bp both ends of a main central 
section are connected through a gas-filled Inconel O ring 
toashort end seetion on which the window is mounted. 


The structure enables us to access the mirror for 
alignment as well as for replacement purposes. The 
system has remained tight during the past 6 months of 
operation. 


ill. Furnace 


The main factor in the consideration to separate the 
absorption cell and the furnace has been described al 
ready. Qur design was certainly influenced by a well 
designed furnace readily available on the commercia! 
market. It is manufactured by the Mellen Company. 
Webster, New Hampshire. The heat output of the 
furnace is controlled by thermocouples placed inside the 
wall of the absorption cell. The cell temperature is 
controlled within +2 K over the entire measuremen! 
period. This arrangement is convenient in that the cel! 
can be easily accessed for replacement and/or repair 
The positional stability of the overall structure ts we! 
demonstrated in the data obtained. 


IV. Results and Conclusions 


Since the absorption cell was completed, we have 
been vigorously taking the spectroscopic data of heated 
gas. Figure 2 shows a part of the data taken with HO 
pressure of 6 Torr at 600 K. It is ashort portion of the 
entire spectrum that covered from 1600 to well over 
2200 cm! with a 0.006-cm~! spectral resolution. The 
spectrometry achieved is judged by the quality factor 
defined by Connes: 


spectral coverage 


Q = (s/n) spectrum , 
resolution 
The quality factor of the data shown in Fig. 2 is ~10". 
The interferogram measurement takes ~10 h to cover 
the optical path difference of 80 cm. 


This research was supported by AFOSR grant 7s.- 
38702. 
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The importance of CO, as an atmospheric molecule makes the obtaining 
of high preeision band parameters for a great number of bands a significant 
vontributtion to both theoretical and experimental studies of our atmosphere. 
: 12,16 
Very accurate parameters on the (00001-00011)* band of C 0, have been 
obtained by Pine and Gustave Their measurement was accomplished by 
combining two spectra, a room temperature Fourier transform spectrum and 4 
high temperature tunable laser spectrum. There have been numerous measure- 


ments of other bands of CO but they were made either with lower resolution 


2? 
spectrometers, or near room temperature where fewer rotational lines were 
excited. <*> resulting in a less accurate determination of band parameters. 
In this work a high resolution Michelson interferometer was coupled with a 
high temperature absorption cell heated to 800°K to obtain a high resolution 


(0.007 as high temperature spectrum of CO, in the 4.3 micron region. 


2 


The energy of a linear molecule in a given vibrational-rotational state 

ean be represented by 
E(v,J) = G(v) + Bla(s41)] - D(v)[a(ae2)]° + H(v)[a(a41) PF 

where v is the quantum number associated with vibrational energy, J is the 
quantum number associated with total angular momentum of the molecule, and 
(yv), Bov), D(v), and H(v) are the band parameters. The infrared spectrum 
corresponds to the transitions between different vibrational-rotational 
states. 

The advantag.2s of taking the measurements at an elevated temperature 


are twofold. First, at the higher temperature more rotational lines are 


#eor COL there are threo fundamental modes of vibration, Vy> Vas and Ve: 
Associated with the bending mode, Viys is the anr-ular momentum ¢. The 
notation used is Srna where r is the ranking index for a Fermi 
resonating group. 
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excited, making it possible to obtain higher precision in the determination 
of the spectroscopic constants G(v), B(v), D(v), and H(v). Secondly, the 
higher temperature results in higher vibrational energy levels being excited, 
making more of the so-called "hot bands" visible. 

We used a PDP-8e mini-computer to control the interferometer and to 


sample the interferogram. The data was taken via magnetic tape to be 
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analyzed using the CDC 6600 computer at the University of Massachusetts in a4 
Amherst. The data was first Fourier transformed, the various lines 
identified, and finally a least-square-fit technique was used to generate 
new values for the band parameters. Each band was fit independently of the 
other bands. 

Spectra cbtained using high resolution Fourier transform spectrometers 
have an excellent frequency stability over a wide spectral range. There is, 
however, a small systematic frequency shift introduced into the spectra due 
to rinite detector ieee In principle, this correction can be calculated 
from the geometry of the interferometer apertures and detectors, but in 
vractiee it is usually easier to use an internal frequency standard. Lines 
due te "OC were vresent in our experimental spectrum. Guelachvili has 
mensured the position of these CO lines with an accuracy of 0.00008 dm : 
We used these line positions as an internal. frequency standard. After this 
systematic error was removed from our spectra, the standard deviation of 
the fit between our data and Guelachvili's, on well isolated lines, was 
about. 0.0004 em? 

One disadvantage of taking spectral measurements at high temperatures \ 


ia the difficulty of constructing a high temperature absorption cell that 


je omechanteally stable, and whose structural materials can withstand the 


hist tomperature. The absorption eell used in this work has previously been 


described in more detail. 


Another complication that arises in working with high temperature 
spectra of co, is the large number of lines present. Tens of overlapping 
bands, each consisting of hundreds of lines, result in an observed lin 
density of over 20 Tineavon 

The identification was made in one of three ways, depending on how 
well the band had previously been measured. For well known bands tie 
identification procedure was readily automated. The position and strengt:: 
of each line was calculated, and then used to locate the line in the 
experimental spectrum with approximately the right strength that was 
closest to the calculated position. 

For other bands, the positions of lines for low J have been well 
measured, but not for high J. In this ease, the line positions were again 
calculated and the experimental lines identified, starting at low J and 
moving up to higher J, until there were not any lines within about 0.02 en 
of the calculated line. The band was then refit and new constants obviined. 
The process was iterated until no further extension to higher J was pocsible. 

In some cases the band was so poorly known even at low J that the 
identification could not be made by taking the experimental line closest ~o 
the cvaleulated Line position. Another problem arose when certain combina- 

tions of merged lines made the extension from low J to higher J impossible. 

In these two cases, a Loomis-Wood diagram! approach has been extremely 

| helpful in picking out the lines that belong to one band in the presence 
of lines belonging to other bands. When the differences between a 
calculated line and all observed lines that are nearby are displayed 
graphically, it is relatively easy to see the pattern created from a set. 


of lines which have band parameters similar to those used to calculate 
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the line positions. 

After the identification of lines was determined, each band was fit 
throwing oul oniv the most severely merged lines. Lines for which the 
difference oelween tne observed and calculated position was less than about 
0,005 oa were kept in the fit. All lines used in the fit were weighted 
equally. ‘The bands thut were rit are given in Table I, along with the 
Standard devietion, tne range of J vaiues used, and the total number of 
lines used in the fit. The resulting values obtained for G(v'), G(v"), 
Blv'), D(vt), Hlv'), 5(v"), D(v"), and H(v") are tabulated in Table IT. 

Several constraints were used on the fits. The constants H(v') and 
H(v")} are given as zero. For bands with 2 greater than or equal to two, 


both the C and the D bands were fit together. For bands with 2 equal to 


two, the parameters U(v'), G(v"), Blv'), and B(v") were held common for both 


bands, where the parnuneters Dlv'), D(v"), H(v'), and H(v") were allowed to 
be dissimilar for the two bands. For bauds with &£ greater than two, the C 
and the D vands were fit entirely together, with no distinctions between the 


two bands. 


The difference between the band parameters determined by Guelachvill, 


and the AFGL Line compilation, for the P branch of the 02201-02211 band of 
12.6. dental 
C9, have been compured Lo the band parameters as shown in Figure l. 
: : 
? Guelachvilio made) ort remeiv accurate room temperature measurements 
-1 em ee ; i 
(0.0001 em 9) of the position of lines up to about d = 4e of this band. 
Q 
from which he cateulauted band parameters, For low d (less than 50), the 
| 
| agreement with this work ts exceilent, but for high Jo the difference is 
; 
: large. ! 
| 
| i 
| The Jaree veiues of the standard deviations given in Table IT, 
| : 
: considerably rreater than the O.9edh cm for well isolated Lines mentioned : 
1 
, it 
4 
LD 
i h 
4 


pros 


earlier, are caused by merging of lines. Most observed lines are meryed 

to some degree. If lines causing merging belong to bands tuat are not 
correlated with the band being fit, the effect of the merged Lines will be 
an increase in the random scatter of the fit. It is very rare to nave beth 
the position and the spacing between the lines of the band beiny fit and 
lines in a merging band close enough that significant correlation oeeurs, 
The strongest correlation between bands in the observed spectrum appears 

to be between C and D bands. For example, the O01101C-O1]11C and tne G!iolie 
Q1111D bands have spectroscopic constants just enough different that even 
though they have the same band origin,R(105) of the C band is merged with 


R(106) of the D band. At this point in the bands, the Jifference between 


aera 


the line spacing is only 0.005 emt, yet R(102) is not merged with R(194), 


or R(107) is not merged with R(108),. The smallness of the correlation 


between bands supports the assumption that fitting partly merged lines is 
valid. 

To further insure that the identification and fittine procedure war 
valid, a synthetic spectrum was calculated and compared to the observed 
spectrum. The band parameters listed in Table II and the band intensities 
given in reference 9 were used to create the synthetic spectrum. Bands 


that resulted in higher absorption in the synthetic than in the observed 


spectrum were either refit or thrown out. entirely. 


oe 
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Table T 
The CO, bands studied in the present work. 
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Band Center Range of 
Transition Isotope (em71) Measurement 
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The infrared abvsorption of 1,0 is one of the most intensively measured 
spectroscopic data. Since the infrared spectrometers capable of a spectre? 
resolution exceeding 0.1 a were developed in the i950's, the H.0 Spectra” 
throughout the entire infrared range were measured with a majority of the 
lines resolved. Both study efforts, experimental and theoretical, were 
progressed in parallel with development of the high-resolution infrared 
spectroscopy. A principal object of the experimental effort was to make « 
high precision measurement of the transition frequencies, the strengths ana 
the widths, while that of the theoretical effort was to furnish the proper 
assignment for the observed transitions, as well as the calculated values 
for the transition parameters in a good agreement with the observed data. 
By the early 1970's the experimental data were accumulated in a sufficient 


quantity so that the global compilation of the H,O line data throughout the 


2 
infrared spectral region became possible. In 1973, the group headed by 

the late William 8S. Benedict accomplished the monumental compilation of the 
H.¢ line data which was a major achievement included in the AFGL atmospheric 
line listing2 With these line data, for the first time in fifty years of 
infrared spectroscopy, we had access to a global knowledge of the infrared 
#9 transitions. ‘Since the early 1970's, infrared spectrometry went throigh 
another revolutionary advance. The spectral resolution achieved in the data 
measurement was improved by one to two orders of a magnitude. The data 
measurement became very efficient; a high quality spectrum which contains 
i0° ar 10° spectral clements was obtain::d in a routine measurement of 

several hours duration. The position of the transition lines became known 


ree -] ; : 
to an aveuracy within +.001 em. Both the advance in spectrometric 


tecanizue and the extensive compilation of the spectrosespie line Iata in 


el 


wnat + ecm es rel 


turn provided a strong incentive for re-examination of the AFGL H0 line 
data compilation. The consequent improvement, in the current AFGL compilaticn 
was based on a series of theoretical works carried out by Flaud and Camy- 
Peyrot.© The listed position of the H,,0 transitions observable at rocm 
temperature gained an accuracy figure better than +0.01 one 

The transitions observable at room temperature are those which have a 
lower state energy below 2000 ee The transitions which start. from the 
initial lower state of a higher vibrational-rotational energy arc weak at 
room temperature, because the lower state is insufficiently pomlated. “hev 
become observable as the lower state population is increased by means of 
thermal excitation. They are commonly called the "hot band" lines because 
their absorption increases with rising gas temperature. The list of the 
50 energy levels compiled in the work of Flaud and Camy-Peyrot provides an 
insufficient coverage for the study of the hot band lines. In the past, a 
majority of the H0 spectral study was conducted on the absorption data 
taken at room temperature. A very few studies were made on the high 


3 


: -1 : : 

temperature absorption data.” In 1600 ~ 2000 em”, neo studies were carried 

sut on the hieh temperature H,O absorption. The present. experimental study 
2 

was intended to remove this deficiency and to fill the need for improvement 


of the het-band Line data in this spectral region by measuring tne absorption 


spectrum of H,O at elevated temperature. 


Experimental 
The experimental arrangement for the present study was already described 


elsewhere. The following description summarizes the information pertinent to 


the present study. The spectrometer used for the data measurement was a cat's 


eye type “Michelson interferometer designed to measure the interferogram data 


iM 
using the step-and-integrate scanning mode. The data were sampled with « 


multiple of an interference fringe distance by the single mode ew He-Ne laser 
line at 6329.9A in vacuum. The interferometer was operated in vacuum. The 
laser line was stabilized by the Lamb dip at the center of the laser 

) 


transition.” ‘fhe spectral data was expected to exhibit « downward frequency 


por Sb. -1 : : : 
shift by 0.0020 cm in 2000 ecm region because of 4 finite aperture siv:: 
of the detector used. The parasitic CO lines observable in the data were 
used as the internal standard for the wavenumber calibration. "he measureu 
2 . : = ae . 
positions of the CO lines were .00206 cm in average lower than the valucs 
7 
published by Guelachvili. All of our measured wavenumber figures were 
P . : : e -1 = 
accordingly adjusted to include the constant shift of -.00206 em. The 
? -1 
spectral resolution of the data was .0060 cm ~. 
ane ; 8 . 

The high temperature absorption cell was connected to the interferometer 
opties placed in vacuum via a short air space of approximately .25 em, which 
was the only path exposed to the ambient environment. The rest of the 
optical path connecting the source to the interferometer via the absorption 
cell was kept in a pressure below ] torr. The H,O pressure in the absorntio:, 


eceli was measured by the Baratron pressure gauge. 

Absorptance Spectra 

“he observed data for our study contained a 100% transmittance-level 
rather non-uniformly varied as a funetion of the wavenumber. The variation 
resulted from several factors, the change in the spectral sensitivity of the 
Jetector, the spectral transmission characteristics of the bandpass filter, 
and so forth. The most troublesome background level modulation was caused 
ty «he interference of the various optical surfaces through which the infra- 


red obear was transmitted. The H,O absorptance was determined against the 
c 


non-uniform 100% transmission level. Various computation Tories were 


employed to determine the 100% transmittance level in hope for reducing 
any speculative aspect to a minimum level. In the end, there still existed 
some degree of speculation in determination of the absorptarice, possibly 


amcunting to 5% in average. 

Data Analysis 

The absorptance spectra thus determined were at first analyzed for the 
transition frequencies. Since the data points were spaced at a finite 
resolution interval given by an inverse of twice the maximum optical rath: 
difference, smooth contour generated by interpolating these data points was 
used Por the data analysis. The line centers were determined using tre 


first and the seconi derivative calculated from the interpolated spectral 


data. The uncertainty in the line center frequency was affected by the 


noise in the data as well as by the blending of the neighboring lines. The 


uncertainty figure was larger for the lines which were strongly saturated 
at the center, even for the case where they were well isolated from their 
neighbors. The over-all uncertainty figure in the measured transition 
frequency was a value close to the smallest interval usei in the internolate: 
0094 om). No special effort was taken to improve the uncertainty 
cevond tnls limit. 
The absorptton eontour of the molecular transition in the observed 
svectra is expressed in a good approximation by a convelution integral of 
the true sbsorption contour and the impulse response of the instrument, 
commonly called the instrument function. For the spectrum obtained by 
using the technique of Fourier spectroscopy, it is more cenveniently 
expressed In a form of the interferogram, defined in the optical path 


fiPverence .le rather than in a form of the spectrum, detined in the 


wavervunher seal. The observed contour A'(c) and the true eontour A(e) are 


ok 


related by 


j2xo0x 


grenOme nak (iMG p-S do} T(x), fas 


SA'(c) 
where T(x) is a multiplicative function of a finite extension whieh is 
caused by the interferogram data coverage limited to the maximum optiral 
path difference X. The function T(x) takes a special shape dependent on 
the type of the apodization applied to the spectral data. For sur case, ff 


is a triangular function tapered to zero at the maximum path difference ¥; 


FE 


T(x) : $2 [el ee 


and =" ig |x} oo. i 
tne true absorptance contour of a well-isolated molecular transition 
line is expressed by 


A(o) = 1 - exp [-k(c)] {# 


where the function k(o) is called the absorption coefficient defined by the 


transition strength S per a single molecule in a form 


In this formulation we assume that the absorption is caused by a uniform 
column of N total molecules per a unit cross-sectional srea. If the thermal 
equilibrium exists along the absorption path, the strength S is written in a 


weli known formula: 


hv 
81 p Ect 
seal” set) Ares 
she & 
where v is the transition frequency in Hz, R is the transition moment, ¢ 7% 


the statistical weight of the lower state, and E" is the lower state emery. 
The absorption coefficient k(o) takes various shapes subject to the line 
preville. If we can assume that the collisions from the neighboring 
molecules dominate the broadening process of the transition line, we ean 

2 b 


express the absorption coefficient by the Lorentzian profile: 


ae 


k(o) = 2, z fs) 
m[{(o-0,)* +a] 


where a is the width and Oe is the center frequency of line. 

The observed spectrum for most cases contains the lines overlapped dy 
their neighbors. The absorptance contour for the overlapped lines is given 
by 

N 


A(o) =1-exp- [2 k (c)], (4) 
n 
n=1 


where the absorption consists of N lines, and k fo) is the absorpticn 
cvefficient for the n-th line. The data which we deal with in the analysis 
contain the situations from one extreme to another, i.e., from the case for 
well isolated lines to the one containing many overlapping lines. Our 
objective in the spectral analysis is to determine the line parameters of 
each transition, the transition frequency Jue the strength S and the width u. 
The following discussion covers a technique used for extraction of these 
parameters when the data to be analyzed contain the line overlapping. 

The first step in the analysis was to separate the data into groups of 
lines which were sufficiently isolated from others, and then the secona 
step was to apply the curve fitting technique based on the least-square: 
method. The first process was necessary because the data contained a 
variable degree of Line overlapping. The groups were separated by «4 
sufficient sero absorptance interval from their neighbors at. their both 
sides. With the line center frequency determined as described above, the 
remaining two variables for each component line, the strength and the 
width, were determined under the assumption that the line profile was 
Lorentzian. A spectral pattern theoretically constructed using the 
Lorentzian profile with assumed parameters was compared with the observed 


data. The square error between them was calculated and then it was 


26 


em 


minimized by adjusting the two variables, the strength uni the widtn, tor 


each component line. The sequence, which was the non-linear least-square- 
eurve fitting process, was repeated to reduce the square errer to 4 
stationary value which was expected for a noise level of the observed Jats. 
After the error figure converged to a stationary value, the inteprated 


absorptance W, 


was calculated for each line contained in the group using the streneth ani 
the width thus established. The standard method of obtaining the intecrrat: 
abserstance by numerically integrating the observed absorptance for eac! 
line was not applicable to our data reduction, because the data contsined 

a considerable overlapping of the lines. 

The Lorentzian profile assumption used in our data analysis was in 
principvle improper. The H0 pressure was taken always very low in our date 
measurement for reduction of the line overlapping to a minimum level. The 
expected collision width was much smaller than the Doppler width under such 
a condition. We adopted the Lorentzian absorption because of the followin, 
reason. For weak lines a question of the line width did not matter 
becnuse the Integrated absorptance W and the strength held a linear 


relationship independent of the width. For strongly saturated lines, 

the observable absornptance contour was the wing section which was 
Lerenctian. “he central peak region of such lines was completely saturated. 
“he intesrated absorptance W was controlled by the wing section and thus by 


‘he Lorentaian profile. The line profile in the center peak refion 

produced a very smay] effect in detormination of the integrated absorptunce. 
“hoa the torentzian profile assumption was a practical choice tor extraction 
"otne futesrated absorptance even though it was theoretically imvroper. 


Wee the integrated absorptance was determined, It was ured to Jierive the 


oT 


final strength value. For the Lorentzian line which was surenply saturates 
at the center, a strong interdependence existing between the strength © an: 
the width a made their separate determination very Imorastioat.s With tm 
integrated absorptance and the abs: rptanee contour fixe ry vane ity Wt, 
was the only meaningfui parameter which ould be determine: for cucho a lise 


even when a noise level! in the lata wab exceptionally cmell. We sido ritees 


oa 


to : : ‘ 
theoretically accepted value for a in derivation ct the otrenmpete. oar 


integrated absorptanece. The width was extrapolated at 800°K from tue ve wee 


valeutated for room temperature using a simple impact theory eroaursci oo: 


1s a ony (oe) ; 
and cissussiv: 
Ti results t'altsea In the present stua, -‘e summarized In ‘able 


ey , . ; ‘ -l ‘ 
The duet listed ft: th table are the line freaueney in em”, the st rengt: 
7 


Bin fom “ymoleeuie on sat SSR) the observed integrated absorptance von 


an observation oo iis oor d.. St. torr, " S VNAML and k= -loo em, the 

-! ; 
lower state ene : . ' wet ET ai ace a ee ae 
ae row yr OP " w te 7 5 
Mee yc Eg RR Ee UT oe OF : : ae ; font ie 
Sb OTE pats ey E Pee ate? , etd Bon "Pow 
between the obweerve fo trasod! Be a bo SPA ON itys ake he 8 PS ail ae RS OF SER. aie te 
Ae", Liter iat frat, Vhe at cee rete ten Ue ete Ete dee a thle boerved 
Time position. Figure To oshows Tour spectral anata, fhe maw speetoum 


etserved at the H,9 column density oT '.17 x 107 meleeries over 250 er 
aysorption path at BOO°K, the absorp lance spectrum derived foe the analysis, 
tne synthetic spectrum calculated using the parameters determined in the 
analysis, and the spectrv™ synthesized using the parameters given in the 


fatest AFGL line listing. The data listed in Table JI contain those lines 


newly identified in the present study, which are the high J lines of the 


(v,-0) and the (2v,-¥,) transitions. We were able to fcllow the Yo 


transitions up to the (24) oy7-23g 93 )-(249 91-23) 93) doublet, and the 


(2v,-v,) transition up to the (20 )-(20 


2 2 9 


m 
0,19 19) 49) doublet. The 


highest excitation energy observed at 800°K in our data exceeded 5000 is 


1,207+ 0,20— 


Table II summarizes those lines which were either newly assigned or quite 
different from the latest AFGL line listing. 

One thing noticed as peculiar in the present study was that the strongly 
saturated lines had a central peak much narrower than that theoretically 
constructed. The pronounced wing absorption was found to produce no 
matching to a sharp central peak. The synthetic spectrum shown in the 
third row of Figure 1 was generated by the Lorentzian line profile which 
had the narrowest central peak of the other profiles, the Gaussian and the 
Voigt. For an example, the doublet (11 1 


) and ( fo) ) of 


Ogi 26 Ea os 
the V5 band exhibited two sharp peaks, one at 1801.3260 and another at 
1801.3621, clearly separated in the observed data. The synthetic spectrum, 
the third trace of Figure 1, failed to show a corresponding central structure. | 
The observed data indicated that the central region was far narrower than the 


peak structure which could have been theoretically constructed for the 


observed wing region. No explanations were found to this observation. 
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Figure 1 


Atlas of H,0 absorption spectrum between 1600 + 2000 eae taken at 
the gas temperature = 800°K, the absorption path = 350 cm, the HO 
pressure = 6.0 torr (no other gases added), and the spectral 
resolution = 0.0060 em. The top trace is the raw data. The 
second is the absorptance data determined from the raw data. The 
third is the absorptance spectrum synthesized from the line 
parameters determined in the present work. The bottom trace is 
the absorptance spectrum synthesized for the same condition using 


the line parameters of the current AFGL listing (1980 version). 
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Table 


The listings are: 


the transition frequency in cm 


I 


HO dine. data between 1600 em aud: BOOG- ein, 


1 


the absorption strength in om fmolectile em? at 800°K 


the integrated absorptance in om? 


Molecules/en™ at 800°K 


the lower state energy in em> 


the transition assignment in (J', KA', KC'), (J3", KA", KC"), (v,', v,! 


v3"). and (v,"5 v 


the internal code 


a : v3" ) 
the isotope code 
the molecule identification code 


the integrated absorptance, and 


Se 
for the HO colum density 2.17 x howd 


1 s 


the wavenumber differuace between the measured and the one listed in 


the AFGL listing. 
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Table II 


Newly identified lines of the (010-000) and (020-010) bands. 


Transition Position 


(010-000) band 


el - 20 

set ; se ; Piss Aeneas 
0,21 120 

22 - 21 

oo - eas } 1963.4065 

Oyen 1121 

23 - 22 

Die ae 1976.7223 
0,23 P28 

2h - 23 

a : a } 1989.9184 
0,24 1,23 

{020-010) band 

ty aa 49 a7 1780.9916 

Pega.” Ah aa 1780. 9407 

tae ea a 1849.5795 

se aba 1797 .0532 

garg erie 1797. 0276 

Wy 13 7 132)10 1868 .0298 

1 ak 7 139,73 1812.8915 ee, 

To ay 7 434,23 1812.8915 

Be ao13 ~ thy ae 1931.9649 

Wag 9350 1928.679h4 

155 ay ~ My 33 1888 .0332 

15) ay 7 M543 1887 .7405 
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7889, 


190). 


5181 en” 
LOLP7T 
1.2771 


. 384g 


9677 


2010 


31.32 


3063 


2398 


